Isogenic strains of Agrobacterium tumefaciens carrying pTiC58, pAtC58, or both were constructed and assayed semiquantitatively and quantitatively for virulence and vir gene expression to study the effect of the large 542-kb accessory plasmid, pAtC58, on virulence. Earlier studies indicate that the att (attachment) genes of A. tumefaciens are crucial in the ability of this soil phytopathogen to infect susceptible host plants. Mutations in many att genes, notably attR and attD, rendered the strain avirulent. These genes are located on pAtC58. Previous work also has shown that derivatives of the wild-type strain C58 cured of pAtC58 are virulent as determined by qualitative virulence assays and, hence, pAtC58 was described as nonessential for virulence. We show here that the absence of pAtC58 in pTiC58-containing strains results in reduced virulence but that disruption of the attR gene does not result in avirulence or a reduction in virulence. Our studies indicate that pAtC58 has a positive effect on vir gene induction as revealed by immunoblot analysis of Vir proteins and expression of a P virB ::lacZ fusion.
Isogenic strains of Agrobacterium tumefaciens carrying pTiC58, pAtC58, or both were constructed and assayed semiquantitatively and quantitatively for virulence and vir gene expression to study the effect of the large 542-kb accessory plasmid, pAtC58, on virulence. Earlier studies indicate that the att (attachment) genes of A. tumefaciens are crucial in the ability of this soil phytopathogen to infect susceptible host plants. Mutations in many att genes, notably attR and attD, rendered the strain avirulent. These genes are located on pAtC58. Previous work also has shown that derivatives of the wild-type strain C58 cured of pAtC58 are virulent as determined by qualitative virulence assays and, hence, pAtC58 was described as nonessential for virulence. We show here that the absence of pAtC58 in pTiC58-containing strains results in reduced virulence but that disruption of the attR gene does not result in avirulence or a reduction in virulence. Our studies indicate that pAtC58 has a positive effect on vir gene induction as revealed by immunoblot analysis of Vir proteins and expression of a P virB ::lacZ fusion.
Agrobacterium tumefaciens is a soil phytopathogen that incites tumors on susceptible plants by transferring the T-DNA, a portion of its tumor-inducing plasmid (pTi), into plant cells (Van Larebeke et al., 1974; Zhu et al., 2000; Zupan et al., 2000; Gelvin, 2003) . This T-DNA is translocated to the nucleus, integrated into plant chromosomal DNA, and expressed. In strain C58, the products of approximately 20 vir genes arranged in six operons (virA, virB, virC, virD, virE, and virG) on pTiC58, as well as several chromosomal genes, act in a concerted fashion to induce tumor formation on host plants. Two critical early steps in this process are the attachment of the bacterium to the plant cell and the activation of virulence genes. Subsequently, a DNA-protein intermediate is formed and crosses the bacterium-plant interface, followed by the transport of this intermediate into the plant cell nucleus, integration of the T-DNA into the plant chromosome and expression of the T-DNA (Zupan et al., 2000; Christie, 2001; Tzfira and Citovsky, 2002; Gelvin, 2003) . In nature, this results in the formation of continuously proliferating tumors that produce novel metabolites (opines) that can be utilized by the inciting bacterium but not by the plant (Dessaux et al., 1998) .
Chromosomal and Ti plasmid genes are involved in the recognition of a plant environment and activation of the virulence machinery. The Ti-encoded VirA/VirG two-component regulatory system activates vir gene expression in response to the integrated effects of phenols, sugars, and low pH that are found at the plant wound site (Stachel and Zambryski, 1986; Shimoda et al., 1990; Turk et al., 1991; Winans, 1991; Winans et al., 1994; Lee et al., 1995) . chvE is a chromosomal virulence gene encoding a periplasmic sugar-binding protein that interacts with the periplasmic domain of VirA, resulting in optimal expression of vir genes (Cangelosi et al., 1990; Huang et al., 1990; Shimoda et al., 1993; Doty et al., 1996; Peng et al., 1998) . ChvD, an ABC transporter, also contributes to optimal vir gene expression through effects on VirG expression or activity (Winans et al., 1988; Liu et al., 2001) . ChvI and ChvG are essential for virulence and have been implicated in global control of gene expression in A. tumefaciens (Mantis and Winans, 1993; Li et al., 2002) . Thus, the control of vir gene expression is a complex set of events to which both the chromosome and Ti plasmid contributes.
A. tumefaciens recognition and attachment to host cells is an early and essential step of the infection process (Lippincott and Lippincott, 1969) and possibly the least understood. Both non-Ti and Ti-carrying strains attach to host cells, and, although this process is saturable (Neff and Binns, 1985) and various plant cell components have been proposed as attachment sites (Tzfira and Citovsky, 2002) , the fundamental nature of the plant-bacterial interaction is not known. Genetic studies have demonstrated that a variety of chromosomal genes (chvA, chvB, and pscA), are required for attachment (Douglas et al., 1985b; Kado, 1998) . The ChvA and ChvB proteins are involved in ␤-1,2 glucan synthesis (Zorreguieta et al., 1988; Cangelosi et al., 1989; de Iannino and Ugalde, 1989) . Mutants in these are deficient in their ability to attach to and infect plants (Douglas et al., 1985a (Douglas et al., , 1985b . A recent report suggests that these mutants are temperature sensitive (Bash and Matthysse, 2002) . The exoC (pscA) gene (Cangelosi et al., 1987; Thomashow et al., 1987; Uttaro et al., 1990) and cel genes (Matthysse et al., 1995) , also chromosomally encoded, are required for the synthesis of exopolysaccharides and cellulose, respectively. Mutations at the cel loci (located in two operons) result in an altered attachment phenotype compared with the wild type (Matthysse, 1983) . However, no studies have identified either the plant or bacterial components that take part in the saturable attachment process.
Another series of genes proposed to be involved in the attachment process were identified as residing on a 29-kb locus of the A. tumefaciens genome (Matthysse, 1987; Matthysse et al., 2000) . Mutations in many of these genes resulted in strains that were deficient in attachment to the host cell. These att (attachment) genes are organized into at least nine operons, and attachment deficiencies caused by mutations at this locus are broadly classified into two groups: those that could be complemented by wildtype C58-conditioned medium and those that could not (Matthysse, 1994; Matthysse et al., 1996) . The former group suggests that their gene products (or metabolites synthesized by them) may be secreted into the medium by the wild-type bacterial cells, and these products are somehow involved in the attachment process. This group contains a variety of genes, with homology to ABC transporters, a transcriptional regulator, an acetolactate synthase, and an ATPbinding protein, among others. The second group contains mutations in genes that encode two possible transcriptional regulators, one ATPase, and a number of biosynthetic proteins including a zincdependent hydrolase and an acetyl transferase (AttR; Matthysse et al., 2000) . AttR was reported to be involved in the synthesis of surface molecules and was proposed as a possible candidate in the actual attachment of the bacteria to the plant cell surface (Reuhs et al., 1997; McMahan, 1998, 2001; Matthysse et al., 2000) .
The genome of A. tumefaciens strain C58 has four distinct replicons: a circular chromosome, a linear chromosome, and the plasmids pAtC58 and pTiC58 (Van Montagu and Schell, 1979; Allardet-Servent et al., 1993; Goodner et al., 2001; Wood et al., 2001) . The selective advantage of the large accessory plasmid, pAtC58, is not well defined, although published reports demonstrate that it is self-conjugal (Van Montagu and Schell, 1979) , carries its own type IV secretory system (Chen et al., 2002) , and its transfer system may substitute for some of the transfer (trb) gene functions of the Type IV transfer apparatus responsible for conjugal transfer of pTiC58 (Li et al., 1999) . Genes on pAtC58 also encode proteins involved in the catabolism of the Amadori compound deoxyfructosyl glucosamine (Vaudequin-Dransart et al., 1995; Kim et al., 1996a; Baek et al., 2003) and, thus, may contribute metabolic flexibility to the bacterium. Surprisingly, the recently published genome sequence of C58 revealed that the att genes described above mapped between bases 130,826 and 159,059 in pAtC58 (Goodner et al., 2001 ). This finding was unexpected because independent reports by three groups (Hooykaas et al., 1977; Rosenberg and Huguet, 1984; Hynes et al., 1985) had earlier established that this plasmid was not essential for virulence, as revealed by Kalanchoë diagremontiana virulence assays with pAtC58-free C58 and LBA275 (a rifampicinresistant A. tumefaciens strain that carries pAtC58 and pTiC58) derivatives: The absence of this plasmid did not result in loss of virulence. In addition, Ogawa and Mii (Ogawa et al., 2000; Ogawa and Mii, 2001) observed that super-virulent A. tumefaciens strain CN15 cured of pAtCN15c and pAtCN15d, two of the four cryptic plasmids carried by this strain besides its Ti plasmid, displayed attenuated tumorigenicity.
The reports that mutations in the att genes render strains avirulent are in apparent conflict with reports that pAtC58 is not required for virulence. Because the virulence assays used in earlier studies that demonstrated the nonessentiality of pAtC58 were not quantitative and because the nopaline (NOP) plasmid pTiC58 encodes enzymes for trans-zeatin synthesis by the bacterium at the infection site (Akiyoshi et al., 1985 (Akiyoshi et al., , 1987 Powell et al., 1988; Krall et al., 2002; Veselov et al., 2003) , effects on tumorigenesis by pAtC58 may have been masked. These observations led us to revisit the possibility that this accessory plasmid plays a role in the virulence phenotype of A. tumefaciens C58. Toward this end, pAtC58 and/or pTiC58 were transferred into strain UIA5 (Kim et al., 1996a) , a plasmid-less strain that carries the C58 linear and circular chromosomes, thereby creating an isogenic series for use in an analysis of virulence. The results of these studies indicate that pAtC58 is not required for virulence in pTiC58 containing strains but is required along with pTiC58 for maximal virulence. A disruption in attR, however, does not affect the capacity of pAtC58 to influence tumorigenesis. Rather, the basis for the effect of pAtC58 on tumor formation appears to be the maximization of vir gene expression from pTiC58.
RESULTS

Construction of Isogenic Strains with Different Combinations of Plasmids
The construction of four isogenic strains carrying different combinations of plasmids was required for these studies (Fig. 1 ) and is detailed in "Materials and Methods." In brief, strain UIA5 (pSa-C) that lacks pTiC58 and pAtC58 but contains the plasmid pSa-C (Table I ) was used as a recipient for pAtC58 in matings with strain A136. MocC (an oxidoreductase) of pSa-C converts mannopine (MOP) to santhopine (Kim et al., 1996a) . Because pAtC58 has genes that encode MOP uptake and santhopine utilization (Kim et al., 1996a) , it was possible to select for the conjugal transfer of pAtC58 from strain A136 into UIA5 (pSa-C) by plating putative transconjugants onto minimal media with MOP as the sole carbon source. This scheme resulted in the isolation of strain AB150 (pSa-C). After both UIA5 (pSa-C) and AB150 (pSa-C) were cured of pSa-C, they were electroporated with pTiC58, and transformants were selected on minimal media containing NOP and Arg as the sole carbon and nitrogen source (von Bodman et al., 1989) . The presence of pAtC58 and pTiC58 in our strains was verified using PCR with primers (listed in Table II) specific to these plasmids (Fig. 2 ). For example, strains carrying pAtC58 (AB150 and AB153) gave positive results with the attH1, attR, and attD primers, whereas strains carrying pTiC58 (AB152, AB153, and AB154) gave a positive result with virB9 primers. UIA5 does not carry either plasmid and, hence, was negative for all PCR analyses. Growth of all strains on rich or minimal Agrobacterium (AB) media was similar as observed by spectrophotometric measurements (data not shown). In addition, an insertional disruption of attR was constructed in strain AB153. A 659-bp internal fragment of the attR gene was cloned into pVIK112, an R6K-derived suicide vector (Kalogeraki and Winans, 1997) for A. tumefaciens, yielding pGN8. Recombination of this vector at the attR locus results in a 39-amino acid truncation of the 260-amino acid protein AttR and a transcriptional fusion to lacZ (Kalogeraki and Winans, 1997) . Three different isolates of the strain AB154 that carry a disruption in the attR ORF did not yield PCR product when the primers homologous to the extreme 5Ј and 3Ј ends of the gene were used. However, when the attR 5Ј primer was used in conjunction with the lacZ 3Ј primer, a product of approximately 1.3 kb was observed. This is the expected product assuming the insertion of pGN8 had taken place in the attR gene by Campbell-type integration to produce an attR-lacZ transcriptional fusion. PCR analysis of these attR mutant strains also indicated that the other att genes tested were intact and that they carried pTiC58 (Fig.  2) . Colonies of AB154 were blue when grown on AB minimal media (pH 5.5), containing 5-bromo-4-chloro-3-indolyl-beta-d-galactopyranoside (x-gal) and l-arabinose (data not shown) as a carbon source, indicating that the attR gene is normally expressed under these conditions.
Virulence of Different Isogenic Strains
Two methods were used to examine the virulence of the isogenic strains carrying different combinations of plasmids. The first of these is the K. diagremontiana leaf scratch tumorigenesis assay in which varying concentrations of bacteria are delivered to fresh leaf scratches, and the resultant tumors are examined after a period of 3 weeks (for details, see "Materials and Methods"). As expected, UIA5 and AB150 were avirulent because neither of these strains contains a Ti plasmid (Fig. 3) . AB153, which has both pAtC58 and pTiC58, induced tumors at all dilutions of the inciting bacterium. However, AB152, which contains pTiC58 but lacks pAtC58, formed smaller tumors than AB153 in response to high concentrations of inoculum and showed little or no tumor formation at the lowest dilution tested (0.01 OD 600 ). Surprisingly, each of the AB154 isolates (attR disruption) was as virulent as the parent strain AB153.
One potential problem with the tumorigenesis assays described above is that pTiC58 carries the tzs gene. This gene is expressed in response to virinducing conditions and results in the secretion of zeatin, an active cytokinin that could play a role in the tumorous phenotype monitored in the K. diagremontiana leaf scratch assay (Akiyoshi et al., 1985; Krall et al., 2002; Veselov et al., 2003) . To eliminate this variable in the measurement of virulence, we electroporated pROK2, a binary vector that carries the plant-expressible nptII gene (Baulcombe et al., 1986) , into each of the isogenic strains. These strains were used in assays that estimate the transfer of the T-DNA from pROK2 into tobacco (Nicotiana tabacum) leaf squares by scoring for kanamycin-resistant growth of the plant tissue subsequent to cocultivation (Binns et al., 1995) . The results of these assays were similar to those obtained with the K. diagremontiana tumorigenesis assay (Fig. 4) . The average number of kanamycin-resistant calli observed for AB152 (pROK2) was much lower than for AB153 (pROK2), whereas the Ti plasmid-less strains UIA5 (pROK2) and AB150 (pROK2) yielded no kanamycin-resistant growths (Fig. 4) . Thus, pAtC58 is not required for T-DNA transfer but appears to be necessary for optimal virulence. One possible mechanism by which pAtC58 could affect virulence of Ti plasmid-containing strains is through effects on vir gene expression. Therefore, we examined expression levels of several VirB proteins and VirE2 via immunoblot analysis. pTiC58-containing strains AB152 (lacks pAtC58) and AB153 (has pAtC58) expressed the tested VirB proteins and VirE2 under vir-inducing conditions (Fig. 5) . However, AB152 expressed very low levels of all the VirB proteins as compared with AB153. Similar results were obtained in analysis of VirE2 expression. This was observed in three independent isolates of AB152 and AB153 (data shown here are for one representative isolate of each). The strain with an attR disruption on pAtC58 and AB154 produced VirB proteins and VirE2 at levels similar to AB153 (Fig. 5) . This indicates that a mutation in attR does not affect vir gene regulation. The fact that strains lacking pAtC58 show a remarkable decrease in VirB and VirE2 expression relative to a strain carrying both pTiC58 and pAtC58 suggests that pAtC58 may have a positive effect on vir gene expression.
To explore the hypothesis that pAtC58 may affect transcription of the vir genes, plasmid pSW209, which carries a P virB ::lacZ fusion, was electroporated into strains AB150 (pTi and AB153 (pTi ϩ ,pAt ϩ ), and the resultant strains were tested for ␤-galactosidase activity (Fig. 6 ) after induction at various levels of acetosyringone (AS). As expected, the negative control strain AB150 exhibited no activity. The presence of pAtC58 along with pTiC58 was necessary for maximal lacZ expression: At 1 m AS, strain AB153 exhibited observable activity, whereas strain AB152 was not significantly above control levels. At an AS concentration of 100 m, both strains had significant ␤-galactosidase activity, but strain AB153 showed approximately 4-fold higher level of activity than AB152. These results suggest that pAtC58 is necessary for maximal expression of the pTiC58 vir genes in response to vir-inducing conditions.
DISCUSSION
Naturally occurring virulent isolates of A. tumefaciens often carry one or more large "accessory" or "cryptic" plasmids, such as pAtC58, in addition to the Ti plasmid (Schell et al., 1976; Casse et al., 1979; Van Montagu and Schell, 1979; Ogawa et al., 2000; Ogawa and Mii, 2001) . Although sequence analysis is beginning to provide information suggesting these plasmids encode a variety of metabolic pathways, their possible role in the virulence of this plant pathogen is poorly understood. One important surprise from the sequence analysis is that the att genes, thought to be required for the attachment of the bacteria to the plant cell and, hence, virulence Figure 2 . PCR analysis of isogenic strains. Plasmid-specific primers were used to test for the presence of pTiC58 or pAtC58. The figure here also shows that three AB154 isolates carrying an attR disruption do not show the presence of a full-length attR product but are positive when tested with other att primers and virB9 primers or when the attR full-length forward primer is used in conjunction with the lacZ reverse primer. Reaction volume was 20 L, and the entire reaction was loaded on a 1% (w/v) Tris-acetate EDTA agarose gel and run at 100 V for 1 h. Refer to text for details of primers and conditions used for PCR. (Hooykaas et al., 1977; Rosenberg and Huguet, 1984; Hynes et al., 1985) . The studies reported here were carried out to reevaluate the role of pAtC58 in the virulence of A. tumefaciens strain C58. New isogenic strains containing the C58 linear and circular chromosome that additionally carried pAtC58 and/or pTiC58 were constructed and tested for virulence, vir gene induction, and the possible role of the att genes in these processes.
The two different virulence assays-tumor formation on K. diagremontiana leaves and delivery of plantexpressible nptII from the binary vector pROK2 to tobacco leaf squares-demonstrated that strain AB152, carrying only pTiC58, exhibits reduced virulence as compared with AB153, which carries both pTiC58 and pAtC58. These results support earlier reports that pAtC58 does not carry genes essential for virulence (Hooykaas et al., 1977; Rosenberg and Huguet, 1984; Hynes et al., 1985) but indicate that pAtC58 has a quantitatively positive effect on virulence. In both types of assays, transformation with strains carrying only pTiC58 was reduced at the highest tested density of inoculum in comparison with that of strains with both plasmids. At lower levels of inoculum, this difference was even more pronounced, with the strain containing pTiC58 only showing little or no capacity for transformation, whereas strains with both plasmids continued to exhibit virulence.
There are several means by which pAtC58 could be involved in the quantitative increase in virulence that is observed. For example, several genes, located throughout the A. tumefaciens genome, have been shown to affect virulence gene expression (Winans, 1991 (Winans, , 1992 Winans et al., 1994; Zhu et al., 2000) . Our results suggest that pAtC58-encoded gene products may be involved in this activity. The levels of VirE2, VirB1, VirB9, VirB10, and VirB11 as estimated by immunoblot analysis were clearly higher in strains that contained pAtC58 (AB153) than those that did not (AB152; Fig. 5 ). Because VirB2-11 and VirE2 are essential for virulence (Stachel and Nester, 1986; Berger and Christie, 1994) , these results are consistent with the reduced virulence phenotype of AB152. AB153 expresses all the tested Vir proteins normally under inducing conditions, thus proving that the vir gene regulatory systems encoded by the Ti plasmid in these strains (VirA and VirG) and other chromosomal genes involved in virulence are intact. Vir induction assays on these strains using the reporter plasmid pSW209 that has a P virB ::lacZ fusion showed . Kanamycin-based plant transformation assay. UIA5, AB150, AB152, and AB153 were tested for the ability to mobilize T-DNA from the binary vector pROK2 that carries the nptII gene, giving rise to kanamycin-resistant calli on tobacco leaf squares. This graph represents the average number of calli per leaf square for each strain at two cell concentrations (OD 600 ). Error bars ϭ SE (n ϭ 14).
that AB153 was highly sensitive to AS, whereas AB152 showed a markedly lower activity under normally inducing conditions. These results demonstrate that the presence of pAtC58 has a positive effect on vir gene expression, although the relationship of this plasmid to the activities of the VirA/VirG regulatory system have not been established. One possibility is that the presence of pAtC58 could have a positive affect on the copy number of pTiC58, thus increasing the abundance of the Vir proteins and, as a result, virulence (Pappas and Winans, 2003) . Southern-blot analysis has demonstrated, however, that the copy number of pTiC58 is unaffected by the presence or absence of pAtC58 (data not shown). The possibilities that pAtC58 specifically affects VirA/ VirG regulated genes or, more generally, Ti plasmid genes are under investigation.
A second possible role pAtC58 could play in virulence is in the interaction of the inciting bacterium with plant cells at the wound site. Matthysse et al. (1996 Matthysse et al. ( , 2000 reported that Tn3-HoHo1 insertions into a 29-kb region-the att region-result in strains that are incapable of attaching to plant cells and are avirulent. The fact that strains lacking pAtC58 and, therefore, the att region, are virulent and, by inference, capable of binding plant cells indicates that genetic information on this plasmid is not required for the attachment phenotype. However, the lowered virulence in pAtC58 lacking strains could be due to some quantitative reduction in binding. Alternatively, the att disruptions could lead to the production of some negative factor that interferes with binding and virulence. To test this possibility attR was disrupted in our isogenic strains and, surprisingly, did not effect Immunoblot analysis of Vir protein profiles of various strains using antibodies against VirB1, VirB9, VirB10, VirB11, and VirE2. Protein samples from various strains were run on a 10% (w/v) denaturing polyacrylamide gel, and the ECL Plus western blotting and detection system from Amersham-Pharmacia Biotech was used for analysis.
virulence or vir gene expression. Thus, our results do not correspond to those of Matthysse et al. (2000) , indicating that Tn3Hoho1 insertions into attR and several other att genes are avirulent and incapable of attachment. We tested two of these strains in our systems (A205 and B123-insertions in attR and attD, respectively) and found them to be avirulent. However, we have not been able to confirm that they are the expected A. tumefaciens strains. This issue is under further investigation.
A. tumefaciens has a complex genome and it is not surprising that a well-regulated and complex cascade of events that leads to virulence and generation of tumors on susceptible host plants would include all of the genome. The 542.8-kb cryptic plasmid pAtC58 (Allardet-Servent et al., 1993; Jumas-Bilak et al., 1995 has 547 predicted coding regions, of which 170 are predicted to be genes of novel function (Goodner et al., 2001; Wood et al., 2001) . Others are predicted ABC transporters, metabolic pathway genes, transcriptional regulators, virulence gene homologs, and lactamases, among others. Our studies on strain C58 under laboratory conditions indicate this plasmid effects virulence in a quantitative manner, consistent with earlier studies (Ogawa et al., 2000; Ogawa and Mii, 2001 ). These studies demonstrated that the accessory plasmids pAtCN15c and pAtCN15d are necessary for maximal virulence of A. tumefaciens strain CN15, although the means by which the plasmids are involved in tumorigenicity was not addressed.
The results described here are consistent with other reports that important interactions occur between processes encoded for by the Ti plasmid and pAtC58. Gene products encoded by pAtC58 can contribute to opine uptake and catabolism (Kim et al., 1996a; Baek et al., 2003) , indicating that this plasmid has evolved the capacity to coordinate activities important to the overall success of the virulence strategy utilized by this pathogen. Similarly, the N-acyl homoserine lactone hydrolase encoded by pAtC58 affects the levels of the inducer of the quorum sensing system, oxo-C8-homoserine lactone, that is synthesized by the traI gene product of pTiC58 (Hwang et al., 1994; Carlier et al., 2003) and controls conjugal transfer of the Ti plasmid. Although our studies demonstrate that pAtC58 is clearly important in the expression of the vir genes of pTiC58, the specificity of the interactions necessary for this has not been addressed. For example, is the virulence of other Ti plasmids affected by pAtC58? Is the chromosomal genome involved in this interaction? Future analysis to unravel the role played by accessory plasmids in virulence clearly will be helped by the sequence information currently available and by comparative studies of such genomes in other A. tumefaciens strains. Moreover, characterization of the role played by this plasmid in virulence will provide a model example of how supplementary processes may be involved, generally, in supporting virulence characteristics specified by other parts of the genome.
MATERIALS AND METHODS
Bacterial Strains and Plasmids
Bacterial strains and plasmids used in this study are listed in Table I . All cloning was performed using standard protocols, and all enzymes were used as recommended by manufacturers.
Culture Media, Growth Conditions, and Chemicals
Escherichia coli strains used for cloning were grown in Luria-Bertani media (LB) containing the appropriate antibiotics at 37°C. Agrobacterium tumefaciens strains were grown at 25°C in AB minimal media (Chilton et al., 1974) , AB induction media (Winans et al., 1989) , or mannitol glutamate luria salts medium (MG/L) (Cangelosi et al., 1991) containing the appropriate concentrations of antibiotics and AS (if used). Antibiotics for E. coli were used at the following concentrations (liquid medium:solid medium): ampicillin (50:125 g mL Ϫ1 ), kanamycin (40:75 g mL Ϫ1 ), and streptomycin (200:200 g mL Ϫ1 ). Antibiotics for A. tumefaciens were used at the following concentrations (liquid medium:solid medium) spectinomycin (50:100 g mL Ϫ1 ), carbenicillin (30:100 g mL Ϫ1 ), and kanamycin (10:50 g mL Ϫ1 ). NOP, AS, isopropyl-beta-d-thiogalactopyranoside, and x-gal were obtained from Sigma (St. Louis). Proteinase K was obtained from Fisher Scientific (Hampton, NH), lysozyme from Boehringer Mannheim/Roche (Indianapolis), restriction enzymes from New England Biolabs (Beverly, MA), Pfu Polymerase from Stratagene, and Taq polymerase from Perkin-Elmer Applied Biosystems (Boston, MA).
AB buffer for NOP and MOP selection was made without ammonium chloride (NH 4 Cl), and media were made with washed agar to ensure that these remained the sole carbon and nitrogen sources in the medium. NOP stock was made at a concentration of 25 mg mL Ϫ1 in 10% (w/v) glacial acetic acid and bitter sterlized using a 0.22 m filler. For MOP stock, MOP was obtained from Fisher Scientific (Hampton, NH), and a 100 mm stock in distilled water was filter sterilized and stored at Ϫ20°C. For AS stock, millimolar stocks were made fresh in dimethyl sulfoxide and added to induction medium as necessary at the appropriate concentration. For A. tumefaciens, x-gal was used at a concentration of 50 g mL Ϫ1 in AB minimal media plates. For E. coli, x-gal was used at 50 g mL Ϫ1 in conjunction with isopropyl-beta-d-thiogalactopyranoside (50 g mL Ϫ1 ).
Conjugation of pAtC58 Using MOP Selection
UIA5-pSaC was used as a recipient to select for an unmarked pAtC58 from donor strain A136 using MOP selection (Kim et al., 1996a) . These strains were grown overnight at 25°C in LB with appropriate antibiotics. Donor and recipient cells were harvested, washed 2ϫ with 0.8% (w/v) NaCl, and resuspended in 1 mL of the same at a final OD 600 of 1.0. One hundred microliters of each was mixed and 10 L spotted on an AB plate and allowed to mate overnight at 25°C. Cells were harvested from the mating plate and resuspended in 100 L of AB, and 5-L drops were spotted onto an AB plate containing spectinomycin (100 g mL Ϫ1 ), carbenicillin (100 g mL Ϫ1 ), and MOP (4 mm) as the sole carbon source to counterselect against the donor. Colonies were patched again on MOP plates. Single colonies from transconjugants were isolated and screened by PCR (for oligonucleotides, see Table II) for the presence or absence of pAtC58. Positives were subsequently cured of pSaC by passaging in LB without carbenicillin, and colonies that grew on LB plates but not LB with carbenicillin were used for future studies. The absence of pSaC was verified by standard techniques. This strain containing only pAtC58 was named AB150.
DNA Preparation Methods
For colony PCRs, a medium-sized colony was resuspended in 50-L sterile PCR-grade water. A 10-L aliquot of 10ϫ PCR buffer was added along with 1 L of lysozyme (120 g mL Ϫ1 ) and incubated at 37°C for 15 min. After adding 1 L of Proteinase K (12 mg mL Ϫ1 ), the sample was incubated at 60°C for 5 min and then at 110°C for 5 min. A pulse spin brought down cell debris, and 2.5 L of this sample was used for subsequent amplifications (final reaction volume of 20 L). pTiC58 was purified using the method of Hayman and Farrand (1990) from A. tumefaciens C58. Plasmid isolation from E. coli was done using standard kits (Qiagen USA, Valencia, CA).
Preparation of A. tumefaciens Competent Cells
Strains were inoculated into 3 mL of MG/L and grown overnight at 25°C to an OD 600 of approximately 1.0. A 1-mL aliquot of these cells was spun down and washed six times in sterile distilled water and one time in 10% (w/v) glycerol. The pellet was resuspended in 50 L of 10% (w/v) glycerol and used for electroporation.
Electroporation of Plasmids
Electroporation of pTiC58 into UIA5 and AB150 and Selection of Transformants
A 1-l aliquot of a pTiC58 miniprep was used to electroporate strains UIA5 and AB150 at 400 ⍀ and 2.5 V using a Bio-Rad electroporator (Bio-Rad Laboratories, Hercules, CA; Cangelosi et al., 1991; den Dulk-Ras and Hooykaas, 1995) . Cells were recovered in MG/L for 2 h at 25°C.They were pelleted, washed one time in 0.8% (w/v) NaCl to remove traces of MG/L, and dilutions were plated on AB minimal media containing NOP (50 g mL Ϫ1 ) and Arg (1 mg mL Ϫ1 ) to select for transformants with pTiC58 (von Bodman et al., 1989) because utilization of Arg as a sole carbon source is pTiC58 dependent (von Bodman et al., 1989) . Non-Ti plasmid-containing strains used for the electroporation were streaked out on NOP plates before this as negative controls and did not grow on these plates. Transformants from the pTi electroporation were subsequently tested by PCR (for oligonucleotides, see Table II ) using virB9 primers to test for the presence of pTiC58 (see "Results" and Fig. 2 ).
Electroporation of Plasmids into E. coli
Plasmids were introduced into E. coli by electroporation at 200 ⍀ and 2.5 V using a Bio-Rad electroporator. Cells were recovered in LB medium for 1 h at 37°C and plated on selection media.
Mutagenesis of attR and Selection of attR Knockouts
A 659-bp internal fragment of the attR was amplified using PCR primers as listed in Table II and cloned into pGEM T-Easy (Promega) to yield pGN7. pGN7 was digested with EcoRI to remove the insert, and the EcoRI fragment was cloned into the EcoR I site of pVIK112 (Kalogeraki and Winans, 1997) to yield pGN8. pVIK112 is an R6K-derived suicide vector for strains that lack the R6K replication factor gene pir. The host strain used here was E. coli S17-1/ pir. Positive clones were verified by PCR and restriction digests and used further. E. coli S17-1/ pir (pGN8) was mated with AB153 by the drop-mating method described in the pAtC58 conjugation section, and transconjugants were selected on AB minimal media with x-gal, spectinomycin, and kanamycin at appropriate concentrations. Blue colonies were selected and tested by PCR for the absence of a full-length 780-bp attR PCR product and for a positive result with an attR forward primer outside the region of recombination and a lacZ 3Ј primer to prove that the insertion had occurred at the attR locus. The insert was designed to truncate the protein at the C terminus by 39 amino acids. These recombinant strains carrying the attR disruption were designated AB154. See Table II for oligonucleotides.
Plant Transformation Assays
Kalanchoë diagremontiana Virulence Assay (Liu et al., 2001) After strains were grown in MG/L overnight at 25°C with the appropriate antibiotics, the cells were pelleted, resuspended in 0.8% (w/v) NaCl to an OD 600 of 1.0 and further diluted as necessary in 0.8 m NaCl. A 2-cm wound made with an 18-guage needle on the youngest expanded leaves of a 5-week-old K. diagremontiana plant with three pairs of leaves was inoculated with 3 L of these dilutions. Tumor formation was monitored for a period of 25 d and photographed. Assays were done in triplicate and repeated at least thrice.
Tobacco (Nicotinia tabacum) Virulence Assays Using
Binary Vector pROK2 (Baulcombe et al., 1986) Electroporation was used to transform strains with the binary vector pROK2. Assays were done using different dilutions of bacteria as described previously (Binns et al., 1995) . pROK2 confers kanamycin resistance to plant tissue. Greenhouse-grown tobacco cv Havana 425 plants were used for all leaf transformation protocols, using procedures previously described (Banta et al., 1994) . Kanamycin resistant calli were scored after 21 d. vir Gene Induction Assay pSW209 (Table I , Steve Winans, Cornell University) is a reporter plasmid that carries a P virB ::lacZ fusion (P virB from pTiA6). AB150 (negative control), AB152, and AB153 carrying this plasmid were used for this assay. Strains were assayed for ␤ -galactosidase by the method of Miller (1972) after a 20-h induction in AB induction medium (Winans et al., 1988 ; pH 5.5) with 0.25% (w/v) l-Ara (Shimoda et al., 1990; Doty et al., 1993) and 0.1 and 100 m AS concentrations. Assays were done in triplicate and results expressed as Miller units.
vir Gene Expression
Immunoblot Analysis for vir Gene Expression
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